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FURTHER STUDIES ON THE GRAFTING OF MONOCOTYLEDONOUS PLANTS 1
Thomas J. Muzik and Carl D. La Rue ALTHOUGH THE GRAFTING of dicotyledonous plants has been practiced for centuries, reports of successful grafting of monocotyledonous plants are very rare in the literature. The consensus of present day opinion seems to be that only dicotyledonous plants may be grafted. Eames and MacDaniels (1947) state that cambiums must be joined for successful union and Transeau et al. (1947) state that plants without cambiums cannot be grafted.
More than a hundred years ago Calderini (1846) reported that he grafted rice on barnyard grass. Without further statement this report is not beyond belief, but his claim that he harvested rice grains from which he grew a new strain of rice that showed some desirable characteristics of the barnyard grass makes the whole account appear dubious. Schubert (1913) gave a thorough review of the numerous attempts at grafting monocotyledons which had preceded his own numerous trials. He concluded that the problem remained unsolved; that he and his predecessors obtained nothing more than parenchymatous unions and that although scions sometimes survived for remarkable periods of time they eventually died without a true union.
Recent workers have achieved greater success. Plotnikov (1939) has grafted small grains. La Rue (1944) made grafts in Tradescantia, Zebrina and Commelina as well as intergeneric grafts be-1 Received for publication September 12, 1953. Paper No. 1000 from the Department of Botany, University of Michigan.
The writers wish to thank Miss Elida Vivas of the Federal Experiment Station in Puerto Rico for making the microscopic slides used in this investigation. tween these plants in which vascular connections were developed.
La Rue and Reissig (1946) found that dicotyledonous leaves grafted readily where callus formation could supply meristematic tissue for union. Leaf grafts have not yet been made in monocotyledons although one scion was found grafted to a leaf-sheath in Tradescantia. The work with leaves emphasized that a cambium is not an absolute requisite for grafting but a meristem is. A realization of the possibility of a graft union wherever .meristems are present and the successful use of intercalary meristems led to attempts to make grafts in some of the larger plants in the monocotyledonous group. A preliminary account of some of this work has been published by Muzik and La Rue (1952) . The present paper is concerned with presenting more pertinent detail as well as the supporting photographs for this and subsequent work.
MATERIALS AND METHODS.-It was assumed that the intercalary meristems in the larger grasses might serve for graft union. Most of the grasses have well defined intercalary meristems immediately above the nodes. To make a graft, a stem was grasped with one hand above a node and the other one below the node. A sharp tug broke the stem in the intercalary meristem region and within the leaf sheath. The cells in this region have weaker and thinner walls than those elsewhere in the stem, so the break was usually a clean one. If the node selected was too old, the intercalary meristematic region may have matured. If so, a younger node was selected. Sometimes a stem broke in the node itself and could not be used. If the upper stem broke off properly and slipped out of the leaf sheath, a scion was pulled out in the same way from another stem and pushed into the leaf sheath until it made firm contact with the broken end of the intercalary meristem of the stock. The scion was then tied in place with a cord around the top of the leaf sheath. It was found that unless the scion was tied firmly it was likely to be dislodged by elongation.
The lianas usually lack a true intercalary meristem and a leaf sheath but much of the stem for the first several internodes behind the tip of a rapidly growing plant is more or less meristematic. A variety of grafts was made, including inarches, cleft grafts, and bottle grafts. Another type of graft was made in which paper tubes dipped in paraffin were used as supports in place of leaf sheaths. The stem was broken and the tube slipped over the stock. The scion was then inserted and the tube was tied firmly at each end.
In all grafts, it was found extremely important to have scion and stock of exactly the same size, or the scion smaller; and to prune off sprouts from buds on the stock of frequent intervals. If the sprouts from the stock are allowed to grow the scions wither and die although firmly attached. Frequently also, unless cut off, buds from below the graft will crowd the scion and break the connection.
GRAFTING The graft union in Merker grass.-The Merker grass was found to be easiest to work with, because it gave a smooth, even surface when the stem was ruptured and consistently formed a relatively high percentage of successful unions. Most of the grafts were with this plant, to obtain a complete series of the various stages in union. Sufficient work was done with the others to show that the pattern of vascular union was the same. In Merker grass 8.0 per cent success was obtained when scions were exchanged and 17.8 per cent when the same scion was replaced. An average of 3--4 per cent was obtained with the other species.
Photomicrographs of the stages of union are shown in fig. 1 --4. The earliest stage at which the grafts could be examined after grafting without causing separation was 10 days, although they were still very brittle and had to be handled with care. At this time, a thin, dark layer was found between stock and scion. This may have been the result of oxidation in the surface of intact cells exposed to the air or of the deposition of wound gum. In some stocks and scions it appeared to contain the remnants of cells injured when the break was made. Since this darkly stained layer appears at the junction of the scion and stock where they are held in contact, we are calling it the contact layer. A similar layer formed in portions of the stem which were ruptured in grafting although not exposed to the atmosphere. Artschwager (1951) called a similar layer in dicotyledon grafts the contact layer.
After the formation of the contact layer, the parenchyma cells in both scion and stock adjacent to this layer enlarged as shown in fig. 1 . Subsequently, they divided and regained approximately normal size and the contact layer disappeared in certain areas ( fig. 2, 3 ). This occurred especially between vascular bundles. Some of these new cells then became thick-walled and pitted to form short, oblong tracheids which united the vascular bundles. An early stage in union is shown in fig. 4 , where the differentiation of parenchyma cells into tracheids was partially completed. Some of the new cells remained thin walled and apparently united the phloem. Differentiation did not progress at the same rate over all portions of the graft. Remnants of the contact layer persisted at least 8 months and the process of vascularization lagged in some areas. Several tiers of cells on the scion and stock adjacent to the union, became thick-walled and pitted. Within 3 months after grafting, these tissues became very hard and extremely difficult to section. For about 6 weeks after grafting, the scions did not grow. After this time they put out a few new leaves within the next 3--4 weeks. Stem growth seldom occurred before 2-3 months had elapsed, but in some grafts it was very rapid after this time. The rate of growth varied considerably among grafts of the same age and appeared to be correlated with the amount of vascular connection. For example, a number of grafts were found which united less than half of the cross-section of the stem, but managed to survive for several weeks. They put out a few new leaves, but failed to elongate to any extent.
If the buds on the stock were allowed to grow, the scion sometimes remained green for some time but apparently was unable to compete with the: sprouts from the stock and eventually withered and died.
Numerous authors, among them Eames and MaeDaniels (1947), and Artschwager (1951) , have suggested that the differentiation of callus parenchyma cells in a graft union in dicotyledons is related to the nearness of vascular bundles, but be- cause of the proximity of so many vascular elements, no conspicuous correlation is noticeable. Bloch (1952) has reviewed the literature on regeneration of vascular strands in wounds. The regenerating strand formed in a polar fashion from the upper margin to the lower part of the cut and 'the evidence suggests that histological differentiation frequently involves the establishment of intercellular fields or patterns.
The influence of vascular tissue on the differentiation of parenchyma cells was clearly shown in many grafts of monocotyledons. When the scion was replaced in such a way that the vascular bundles were in close proximity but not exactly in juxtaposition, the path of transformation of parenchymatous cells into tracheids which united the vascular bundles of stock and scion was a curve and not a straight line.
Graft unions in other grasses.-Although our earliest success was obtained with Bambusa longispiculata, later work has been disappointing. One graft grew very rapidly, after a period of 6 weeks after grafting, reaching a height of 10 ft. in 11 months. On the other hand, several other grafts failed to grow at all over the same period. Attempts were made to graft several other bamboo species, with no success. Temporary unions were obtained on Phyllostachys but no permanently successful grafts were made except on B. longispieulata.
The only successful grafts on this plant, over a 2-year period of trial, were obtained in April just at the beginning of the wet season, indicating a possible seasonal effect.
Some grafts were also made on surgarcane which was rather difficult to work with because it frequently ruptured unevenly and left jagged edges. The leaf blades are barbed, and must be handled discreetly. Union occurred as in the other grasses. Successful grafts were also made with Para grass and guinea grass, including a graft of a young flower shoot on another shoot in guinea grass.
Intergeneric graft unions in the grasses.-Many
attempts were made to make grafts between various genera among the grasses, using Merker, Para grass, sugarcane and guinea grass. Only a few grafts of Para grass on Merker grass were successful. Small side shoots from the Merker grass were chosen as stocks and vigorous Para grass shoots as scion material. The scions survived for several [Vol. 41
Scindapsus aureus (Lindl. and Andre) Engl., was used in most of the experiments. Philodendron nachodomi Britton and Nephthytis afzelii Schott were also tested on a smaller scale. A remarkable amount of callus was formed by these stems, if cut in a meristematic region: a rather unusual activity in monocotyledonous plants which generally regenerate very poorly. This ability was first noticed in some tissue culture experiments in which large masses of callus were formed by stem pieces.
The union of stock and scion in these lianas followed the same general pattern as previously described in the large grasses; the main difference was in degree. A contact layer and a band of parenchyma tissue formed as in the grasses, but the cell division appeared to take place at a greater rate and for a longer time. In the initial stage, there was a considerable enlargement of the cells adjacent to the contact layer, follo~ed by division of these cells. There were approximately 20-30 tiers of new cells formed as compared to 3-5 in the grasses. Differentiation of .vascul~r tissue occurred in 3-4 months and dunng this period growth was very slow.~fter that t~me, growth was frequently very rapid; some SCIOns attained a length of 4-5 ft. in 6 months. It may be remarked that union did not always occur over the entire cross-section of stem and growth of scion was obviously limited in cases where the union was only partial. For example, in one instance, the union occurred over half of the stem only. The graft survived for many months. Only a few inches of new shoot growth were made as compared to the several feet in other grafts. Union over approximately one-half the cross-section se~ms to be the lower limit which will support the SCIOn.
The relative ease of grafting of these lianas as compared to the grasses led to investigations .of intergeneric grafts. Grafts of Nephthytus on Scindapsus were about 15 per cent successful. The process of union is very similar. to that when Scindapsus was used as both SCIOn and stock. Various stages in union in these lianas are shown in fig. 1-13 . A grafted plant is shown in fig. 14. About 8 months after the intergeneric grafts were made a dry season of unusual length and duration occu;red. The scions died back 2-3 in. and lost their leaves and it was thought for a time that they were lost. However, with the coming of the rains, they again resumed growth and appea;ed healthy. During this period the g~afts .of SCLndapsus. on Scindapsus retained all their fohage and remained completely green.
SUMMARY
Successful grafts of several monocotyle~onous plants are described. Grafts w~re made. m five species of grasses and also a few mtergenenc grafts in this group. Grafts between some of~he l~rge tropical lianas were made also. I.nterge~~nc umo~s were obtained between Nephthytu afzehL and Scindapsus aureus. These results demonstrate that many monocotyledonous plants can be grafted and follow a regular process of regeneration and union, forma. tion of a contact layer, enlargement of cells next to this layer, division of these cells, disappearance of the contact layer between vascular bundles. The influence of the vascular tissue on proliferation and differentiation of parenchyma cells was clearly shown since union of the bundles frequently occurred in a curve rather than a straight line. The process of union in the grasses and lianas is essentially very similar, differing primarily in degree. Cell enlargement is greater in the lianas and more callus is formed, and a greater period is required for the union of scion and stock. The process of union in the intergeneric grafts of the lianas is slower and less complete than in the grafts of a species on itself as demonstrated by the fact that the scions on the intergeneric grafts lost their .leaves and died back partially during a dry season which occurred 8 months after they were grafted, whereas the intraspecific grafts retained all their foliage. One of the surprising revelations of this work was the relative ease with which some monocotyledonous plants could be grafted, providing that intercalary meristem is used. Some of the lianas do not show any intercalary meristem but have remarkable ability to form callus which enables unions to take place. Schubert cites numerous efforts which have been made without any success and it is somewhat surprising that he himself failed to get any vascular unions in species of which the scions were able to remain alive for months. Probably many other species of monocotyledons will be grafted in the future and although the process seems to offer no economic use at the present time, in this group of plants it may prove very useful in experimental studies. Muller and Settles (1927) in a study of translocated chromosomes in the fruit fly, Drosophila melanogaster, dominant lethality was shown to be the result of genetic unbalance in the zygote, with some chromosome regions present three times, others, only once. However, a gamete carrying an unbalanced chromosome set functioned normally and gave rise to a viable zygote when united with another gamete carrying the complementary unbalance.
In higher plants, the presence of the gametophy. tic generation may preclude the transmission of unbalanced complements. Although both the male and the female gametophytes are fairly tolerant of additions to the single set of chromosomes, as in trisomies and duplications, the male gametophyte is particularly sensitive to deficiences and will transmit only relatively small ones (Creighton, 1934 (Creighton, , 1937 McClintock, 1944; Burnham, 1932; Smith, 1948) . It seems unlikely that a degree of genetic unbalance tolerated by a haploid gametophyte would prove lethal when combined with a normal complement in a diploid zygote. As a rule, it is therefore not possible to study, in higher plants, predictable types of dominant lethal factors arising as meiotic segregation products.
As was first demonstrated by Muller (1927) , another source of dominant lethal factors is to be found in the use of mutagenic agents. In animals, it has been clearly recognized (Stancati, 1932; Maxwell, 1938) still does not prevent fertilization. Likewise Henshaw (1943) demonstrated that frog sperm retains its ability to fertilize at doses many times greater than those required to prevent normal growth and differentiation of the embryo.
In plants, the complex nature of the germination and growth of the pollen grain and tube have made unwarranted the assumption that the mutagenic agent does not affect these activities. Thus it has not been possible, in studies of mutation, to distinguish between dominant lethality and failure of fertilization except for those seeds in which the presence of some tissue gives evidence of fertilization (Stadler, 1931 (Stadler, , 1939 Stadler and Sprague, 1936) .
In the present report it will be demonstrated that treatment with at least one mutagenic agent, X rays, at doses sufficiently high to cause almost 100 per cent dominant lethality, has no appreciable effect on the functioning of the pollen grain and does not prevent fertilization. In addition, most of the dominant lethals produced are manifested by the complete abortion of the seed.
Whiting (1937) has pointed out that the recognition of dominant lethals would afford a highly efficient means of testing the efficacy of a presumptive mutagenic agent. Inasmuch as the production of mutations would result in an immediate failure of the zygote to develop, there would be no need for elaborate tests of progeny.
A method for detecting dominant lethals in lily was first considered, in collaboration with Dr.
Nirad K. Sen, as a desirable means of determining the efficacy of various chemical mutagens as applied to higher plants. The abundant stigmatic fluid of the lily assured successful development of pollen grains which had been handled in aqueous solution (Brown and Cave, 1953) . The well-known mutagenic agent, X rays, was chosen for the original studies for several reasons. It seemed desirable to use the agent that might be expected to give the most clear-cut results for the demonstration of dominant lethality in higher plants. Obviously, trials with less well-known agents, as some of the apparently poorly effective chemical mutagens, would have more meaning if the procedures, themselves, had previously been investigated thoroughly
